This study reports a new approach to studying the time-course of the perceptual processing of objects by combining for the first time the masked repetition priming technique with the recording of event-related potentials (ERPs). In a semantic categorization task ERPs were recorded to repeated and unrelated target pictures of common objects that were immediately preceded by briefly presented pattern masked prime objects. Three sequential ERP effects were found between 100 and 650 ms post-target onset. These effects included an early posterior positivity/anterior negativity (N/P190) that was suggested to reflect early feature processing in visual cortex. This early effect was followed by an anterior negativity (N300) that was suggested to reflect processing of object-specific representations and finally by a widely distributed negativity (N400) that was argued to reflect more domain general semantic processing.
It is widely accepted that the sequence of neural events underlying the recognition of visual objects occurs rapidly and with little effort (e.g., Biederman, 1987; Tanaka, 1996) . Although studies in nonhuman primates have revealed much about the sequence and timing of the mechanisms involved in processing visual stimuli (e.g., Schroeder, Mehta, & Givre, 1998) , relatively little is known about comparable mechanisms in humans. The current study examined the time-course of visual object processing in the human brain using a novel combination of techniques: event-related brain potentials (ERPs), a noninvasive electrophysiological procedure with excellent temporal resolution (e.g., Rugg & Coles, 1995) , and rapid masked repetition priming, a paradigm that has been used successfully in the behavioral literature to examine the time-course of visual word recognition (e.g., Forster & Davis, 1984) .
The basic effect reported in numerous masked repetition priming studies is that manipulating the similarity of a briefly presented, pattern masked ''prime'' word and an immediately following and clearly visible ''target'' word produces systematic differences in target reaction time (RT; greater overlap 5 faster RTs). Such effects have typically been interpreted as reflecting processing that is started by the masked prime and then modified when the ensuing target is similar to or different from the prime along some dimension of interest (e.g., orthographic, lexical, or semantic). Because subjects are usually unaware of the identity of the prime, it is widely believed that this type of priming is predominantly sensitive to the fast feed-forward (automatic) components of word recognition (Forster, Mohan, & Hector, 2003; Lamme, Zipsser, & Spekreijse, 2002) .
Recently, several masked priming studies have reported that certain measures of neural activity are also sensitive to processes involved in visual letter and word processing (e.g., Dehaene et al., 2004; Grossi & Coch, 2005; Petit, Grainger, Midgley, & Holcomb, in press ). Most relevant here are a handful of studies using electrophysiological measures that have reported a sequence of effects starting as early as 100 ms and continuing through to 500 ms post-target onset Kiyonaga, Midgley, Holcomb, & Grainger, 2006; Petit et al., in press ). Importantly, each of these effects has been shown to be dissociable as a function of prime-target similarity at different levels of representation of words (e.g., feature, orthographic, lexical, and semantic; when word stimuli have been used. This degree of temporal sensitivity suggests that the ERP masked priming technique may be well suited for dissecting the time-course of neural processes in other domains of visual processing as well.
In the current study we sought to determine if ERPs recorded to pictures of common objects presented in a masked priming paradigm would prove sensitive to the sequence of neural events hypothesized to underlie visual object processing. Several studies have examined processing of visual objects using behavioral paradigms (e.g., Bar & Biederman, 1998 , Dell'Acqua & Grainger, 1999 , demonstrating that semantic and repetition priming effects are observed even when the prime is not consciously available to the subject. Also, using an implicit memory repetition priming paradigm, Zhang et al. (1997) found electrophysiological indices of object processing when primes were followed by the same or different target objects between 180 and 240 ms later. Another set of ERP studies using unmasked picture primes (Hamm et al., 2002; McPherson & Holcomb, 1999) in semantic priming paradigms has reported a frontally distributed negativity, the N300, which has been suggested to reflect objectspecific processing (because a similar component has not been reported for words). In these studies the N300 is followed by the more central-parietally distributed N400, which has been argued to reflect semantic processing at an amodal level of representation (because a comparable component is found for words). More recently, an effect in an earlier epoch, overlapping the time range of the exogenous N1 component and focused over occipital electrodes, has been reported in two studies using the rapid masked priming paradigm Petit et al., in press) .
1 Although these studies did not use pictures of objects (letters and words were used as stimuli), the scalp distribution and early time-course lead the authors to speculate that the effect reflects initial feature processing in visual cortex.
The current experiment used the same rapid repetition priming paradigm as that employed in our previous word and letter studies Petit et al., in press) and included two types of target objects, those that were completely unrelated to and those that were identical repetitions of the immediately preceding masked prime object (rapid refers to the use of a very brief prime-target interval). These were presented in a semantic categorization task in which participants detected occasional probe objects belonging to a particular semantic category (food items). ERPs were time-locked to the presentation of critical nonfood target objects (see Figure 1 ). We predicted that the ERPs recorded to unrelated and repeated target objects, which differ at the feature, object, and semantic levels of representation, would produce (1) an early effect peaking in the time range of the exogenous N1 component and thought to reflect differences in low-level feature processes over visual cortical areas, (2) effects on the N300 component reflecting differences in the processing of object-specific representations over anterior brain regions, and (3) effects on the N400 component reflecting differences in the processing of domain-general semantic representations over more central-posterior brain regions.
Methods
Participants Sixteen (7 men, 9 women, mean age 5 20, range 18-24 years) right-handed Tufts University undergraduates participated for monetary compensation.
Stimuli and Procedure
Color photographs of 260 common objects taken from conventional views were displayed on a white background (each 256 Â 256 pixels) on a 19-in. display (visual angle 21) time-locked to the vertical refresh signal of the video card (100 Hz resolution). Each subject viewed 130 pseudorandomly arranged trials composed of a unique prime-target pair of objects. In the 80 critical trials (those used to form the ERPs of interest), 40 pairs of stimuli presented the same picture of an object in the prime and target positions (repeated) and another 40 pairs presented pictures of different unrelated objects in the prime and target positions (unrelated; see Figure 1 ). The remaining 50 trials contained a ''probe'' object (food item) paired with a nonfood object (25 in the prime position and 25 in the target position). Eight counterbalanced lists resulted in each repeated and unrelated object being presented an equal number of times across participants, but each object being presented in only one trial for each 2 M. Eddy, A. Schmid, and P.J. Holcomb participant. Figure 1 depicts examples of the two types of critical trials and their timing. Participants were instructed to attend to the screen and rapidly press a button whenever they detected an object depicting a food item. All other items, including the critical items, were to be viewed passively.
EEG Recording
A 32-channel electrode cap (Electro-cap International) was used to collect the electroencephalogram (EEG; see Figure 2A for electrode locations). All electrodes, including one over the right mastoid, were referenced to an electrode over the left mastoid (the right mastoid was used to monitor differential left mastoid activity; none was found). Horizontal and vertical eye movements/blinks were detected from electrodes placed below and to the side of the eyes (scalp impedances o2 kO). The EEG (200 Hz sampling rate, bandpass 0.01 and 40 Hz) was recorded continuously and ERPs averaged time-locked to the onset of targets. Trials with blinks, eye movements, and muscle artifact were rejected prior to averaging (approximately 10% of trials).
Data Analyses
Mean amplitude measurements were made in three time windows (early region 5 100-250 ms; N300 region 5 250-350 ms, and N400 region 5 350-650 ms). ANOVAs were performed with Repetition, Electrode, and Hemisphere (except midline) as within-subject factors in four separate columnar analyses (e.g., Holcomb, Reder, Misra, & Grainger, 2005 ; see Figure 2 for four columns). Because two previous rapid masked repetition priming ERP studies Petit et al., in press) have reported early posterior effects of priming, a more finegrained temporal analysis was also used to better characterize the time-course of the earliest effects of repetition. This involved separate ANOVAs run on successive 20-ms epochs between 40 and 400 ms at the two most posterior sites (O1 and O2), which were shown in a previous study to be the focus of the earliest effects of masked priming (Petit et al., in press ).
Results
The average d 0 for probe items in the prime position was 0.81 and for probes in the target position it was 3.15, suggesting that participants were processing the targets for meaning but that the masking manipulation effectively blocked detection of the semantic properties of the primes on the great majority of trials.
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For all statistical analyses a Geisser-Greenhouse correction was applied to all comparisons with more than 1 degree of freedom. Figures 2B and 3 reveal that between 100 and 250 ms, an anterior negativity (N190) and focal posterior positivity (P190) were apparent when comparing ERPs to unrelated and repeated target objects 40 and 400 ms were analyzed at O1 and O2. There were significant repetition effects starting at 100 ms that continued on through each successive 20-ms epoch up to 400 ms (all pso.05).
There were also significant priming effects apparent in the 250-350-ms window. These effects tended to be of negative polarity at more anterior sites (interaction of Repetition Â Electrode, midline: F [4,60] 5 3.917, p 5 .049, e 5 .374; Column 3: F [4,60] 5 5.524, p 5 .024, e 5 .307) as can be seen in the voltage maps in Figure 3B . This anterior priming effect took the form of unrelated targets being more negative than repeated targets, although at the most posterior sites the ERPs were more positivegoing for unrelated compared to repeated items (note in Figure  2B that at the most posterior sites this effect appears to be continuous with the earlier P190 effect).
In the final window (350-650 ms) there was a broadly distributed effect of repetition with a central/parietal focus (see Figure 3C ). Consistent with this being an N400 effect, unrelated targets produced more negative-going ERPs than repeated targets (main effect of repetition, midline: F [1,15] 5 7.37, p 5 .016; ERP masked object priming 3 Figure 3C ).
Discussion
Studies in infrahuman species have demonstrated that visual perceptual processing involves a rapid set of cascaded information processes in classic visual areas of the brain (e.g., Schroeder, et al., 1998) . Because complementary chronometric data do not exist for humans, the goal of the current experiment was to determine if an ERP adaptation of the rapid masked priming paradigm could be used to study the time-course of neural events underlying object perception in humans. In this regard we found evidence for three sequential ERP effects that began as early as 100 ms after target and continued on through 650 ms. All three of these effects differentiated target objects that were identical to the immediately preceding masked-prime object from targets that were different/unrelated to the prime at the feature, object, and semantic levels of representation. Consistent with the conclusions from numerous behavioral studies using the masked priming paradigm with word stimuli, it seems reasonable to propose that these effects reflect interactions between representations activated by the prime in the initial sweep of fast feed-forward processing in the visual and semantic systems (Forster et al., 2003; Lamme et al., 2002) .
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The first of the ERP effects was a focal posterior positivity that was slightly larger over the right hemisphere and a more widespread anterior negativity. One possibility for these seemingly complementary effects is that they reflect a polarity inversion due to activity in a single neural source. This effect started around 100 ms post-target onset and peaked at about 190 ms and produced a polarity inversion where larger amplitudes (frontal negativities and posterior positivities) were observed for unrelated than repeated targets. Previous methodologically similar masked priming studies using single letters and words have reported a remarkably similar posterior positivity with a comparable time-course, right larger than left distribution, and complementary anterior negativity Petit et al., in press ). One possibility is that all of these effects reflect activity in early visual extrastriate cortex that is involved in the initial phases of visual feature processing. Consistent with this view, Petit et al. reported that this positivity was substantially larger when prime and target letters had fewer elementary letter features in common (e.g., a-A vs. A-A) than when there was greater feature overlap (e.g., c-C vs. C-C). In a recent fMRI study with masked words, Dehaene et al. (2001) reported a right hemisphere effect that they attributed to extrastriate feature processing. One interesting prediction based on Dehaene's fMRI data is that if the N/P190 priming effect reflects this same or a similar early feature process, then it should be more sensitive than later postfeature object and semantic processes to changes in the relative location of primes and targets. This is because feature processes have been shown to have relatively small (and numerous) receptive fields compared to later higher level processes, which tend to be field size/location invariant (Dehaene et al., 2004) .
The second component found in this study was an anterior negative-going effect that was maximal near 330 ms. Like previous unmasked priming studies using pictures of objects, this negativity, which has been referred to as the N300 in unmasked priming studies (e.g., Hamm et al., 2002) , was larger for unprimed than primed target objects. Also, like at least one previous study, this effect inverted in polarity at the most posterior sites (McPherson & Holcomb, 1999) . Previously it has been suggested that the N300 reflects an object-specific process (e.g., the effort involved in processing object specific representations; McPherson & Holcomb, 1999) , as a similar component has not been reported in studies using words. This hypothesis could be tested in future masked priming studies by contrasting priming of target pictures when the prime is a word versus a picture. If the N300 reflects an object-specific process, then word-picture priming should not produce changes in this component.
Like earlier word studies using masking (e.g., and previous unmasked picture studies (e.g., Hamm et al., 2002) , masked picture priming also produced a widely distributed repetition effect in the N400 time window (350-650 ms) with target objects that were unrelated to the prior masked prime object producing more negative-going ERPs than targets that were repetitions of their masked primes. Consistent with the N400 literature, it seems most likely that this negativity 4 M. Eddy, A. Schmid, and P.J. Holcomb reflects processing at the level of meaning and is larger when integration of the semantic properties of the prime and target are relatively more difficult (i.e., for unrelated prime-target pairs). It will be important in future masked picture priming studies to determine if similar semantic effects can be obtained when primes and targets are only semantically related and not full repetitions. This is because N400 repetition priming effects may be relatively more sensitive to interactions between form and meaning, whereas semantic priming arguably involves interactions primarily at the level of meaning (Grainger & Holcomb, in press) . A recent study using the masked semantic priming has shown that the N400 is sensitive to semantic overlap with words in the rapid masked priming paradigm (Grossi, 2006) . Overall, the results of this study suggest that combining masked picture priming with the recording of ERPs is good way to dissect the time-course of object processing. In future studies it will be important to more directly test hierarchy of object processing proposed here by systematically manipulating the overlap in features across different levels of representation thought to underlie the perception of objects.
